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ABSTRACT
In a recent study, Amsalem et al. performed experiments with Bombus impatiens bumblebees to test the
hypothesis that saturated cuticular hydrocarbons are evolutionarily conserved signals used to regulate
reproductive division of labour in many Hymenopteran social insects. They concluded that the cuticular
hydrocarbon pentacosane (C25), previously identified as a queen pheromone in a congeneric bumblebee,
does not affect worker reproduction in B. impatiens. Here we identify some significant shortcomings of
Amsalem et al.’s study that make its conclusions unreliable. In particular, inappropriate statistical tests
were used, and a reanalysis of their dataset found that C25 substantially reduced and delayed worker
egg laying in B. impatiens. Additionally, the study’s low sample sizes (mean n per treatment = 13.6,
range: 4-23) give it low power, not 99% power as claimed, meaning that some its non-significant results
may be false negatives. Additionally, several confounding effects may have affected the results of both
experimental manipulations in the study.
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INTRODUCTION
Over the last 20 years, researchers have accumulated evidence that specific cuticular hydrocarbons (CHCs),
which consistently differ between fertile and non-fertile colony members, help to regulate reproductive
division of labour in eusocial ants, bees and wasps (e.g. [1-3]). This theory originally rested on indirect
evidence, including observations that queens and workers apparently always differ in their CHC profiles
(reviewed in [4]), that CHC profiles correlate with inter-individual variation in fecundity within a given
caste (e.g. [5,6]), and that workers seem able to discriminate between the CHCs of fertile and non-fertile
individuals [3,5]. Recently, studies using synthetic hydrocarbons have experimentally demonstrated that
queen-like CHCs do indeed affect worker ovarian development (in six species; [4,7-11]), and/or induce
behavioural changes in workers that may be related to reproduction (in three species; [7,11-13]). A
recent comparative analysis of chemicals putatively correlated with caste or fertility in 64 species of
social Hymenoptera concluded that these chemicals were most commonly saturated CHCs, and that the
correlation between saturated CHCs and female fecundity appears to be ancestral in Hymenoptera [4].
Because eusociality evolved several times in Hymenoptera, this result suggests that queen pheromones
evolved from chemical signals or cues that were already present in the solitary common ancestor of bees,
ants and wasps, which lived c. 145 million years ago [4].
Recently, Amsalem et al. [14] performed bioassays with synthetic CHCs in Bombus impatiens
bumblebees to test the hypothesis that saturated CHCs are evolutionarily conserved signals used to
regulate reproductive division of labour. In the congeneric bumblebee B. terrestris, two earlier experiments
concluded that workers resorbed oocytes more often [4] and had fewer developing oocytes in their ovaries
[10] after treatment with the queen-characteristic cuticular hydrocarbon pentacosane (C25), leading them
to conclude that C25 was a queen pheromone. Amsalem et al. reported that worker reproduction was
not affected by C25, and also not affected by two other cuticular hydrocarbons referred to as “controls”
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(C23 and C27 – though these CHCs also correlated with fecundity, and so should perhaps be regarded
as putative queen pheromones). Based on these non-significant results, they concluded that saturated
hydrocarbons associated with fertility do not affect worker reproduction in B. impatiens, and suggested
that the theory presented above be reconsidered.
Although we are excited to see new experimental data in this area, we feel that Amsalem et al.’s
conclusions are not justified by their data. We first point out some methodological problems with [14].
We then present a statistical reanalysis of the data in [14], leading us to conclude that the new study
provides little evidence for its claim that the three fertility-linked hydrocarbons C23, C25 and C27 are
not pheromones. Instead, the new study finds that worker fecundity is reduced following exposure to
saturated CHCs characteristic of queens (as in [4,7-11]).
METHODOLOGICAL ISSUES
We identified four methodological shortcomings in the new study that undermine some of its conclusions.
Firstly, Amsalem et al. aimed to test whether workers’ responses to queen pheromones involve
learning, by examining responses to synthetic hydrocarbons in both “experienced” and “naı¨ve” workers,
so-called because the experienced workers had spent more time in a nest containing a live queen. However,
the experienced/naı¨ve treatment was confounded, and so provides limited information about the role of
learning in the response to queen CHCs. Amsalem et al. did not take the conventional experimental
approach of starting with a common pool of individuals and then randomly dividing them between the
two learning treatments, but rather used two different cohorts. As a result of non-random allocation, the
naı¨ve workers were younger and larger, which likely explains why they had larger oocytes and a longer
latency to egg laying irrespective of CHC treatment. This means that any effect of the naı¨ve/experienced
treatment on the responsiveness to queen CHCs could be due to age, size or reproductive physiology
rather than learning. Moreover, the colony fragments of experienced workers contained three workers
from the same colony, while the naı¨ve colony fragments contained workers from an unspecified mixture of
one, two or three different colonies. This confound is potentially problematic because workers perceiving
themselves to be in foreign colonies have been proposed to reproduce regardless of pheromones (e.g.
[15]). Finally, the sample size in the naı¨ve treatment was twofold lower than in the experienced treatment
(Table 1). Hence, the differences in significance levels between experienced and naı¨ve bees may simply
reflect a difference in statistical power (as reflected in the differing widths of the confidence intervals in
our Figure 1), rather than lower responsiveness in the naı¨ve bees as claimed.
Secondly, the allocation of workers to CHC treatments was apparently not randomised. Table 1
illustrates that the representation of each of the seven colonies in each of the treatments was very
imbalanced – seemingly more than could be explained by stochastic deaths during the experiment. This
non-random allocation could have biased the results, either by masking the effects of certain CHC
treatments, or creating spurious treatment effects. In particular, colonies differed greatly in body size
(Table S1a), which in turn caused significant differences in body size between the 7 hydrocarbon treatments
(Table S1b), contrary to claims in [14] that body size did not differ across CHC treatments. Because body
size correlated with all of the variables under study (Figure S1), the biased allocation of different-sized
workers to particular treatments is likely to have skewed the results.
Thirdly, the “low” pheromone dose used in [14] is very low relative to all previous queen pheromone
experiments (see Table S2 for a review). The low dose of C25 was at least 100× lower than either of
the two prior bumblebee studies in terms of absolute mass added per day [4,10], and in terms of “queen
equivalents” (QE), we estimate it was approximately 40× lower than in [10] and 9,000× lower than
in [4] (the precise QE figure cannot be ascertained due to methodological differences between studies).
Although we acknowledge that it is difficult (if not impossible) to identify a biologically meaningful dose
of queen pheromone in this type of experiment, we propose that the unusually low CHC concentration in
the “Low” treatment may explain some of the new paper’s null results.
STATISTICAL ISSUES
Firstly, Amsalem et al. [14] applied classical ANOVA to types of data that can violate ANOVA’s
assumptions, including censored time series data and count data. To address this, we instead opted to
analyse the data using generalized linear or generalized linear mixed models (GLM and GLMM), which
make appropriate distributional assumptions. For time series data, we used appropriate survival models.
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Table 1. Sample sizes in Amsalem et al.’s experiment, grouped by treatment and colony. The table
highlights that sample sizes were low and uneven, that certain colonies are over-represented in some
hydrocarbon treatments, and that the naı¨ve and experienced treatments used mixed-colony or
single-colony groups of workers, respectively. Note that we give the sample size in terms of the number
of colony fragments (which is appropriate for the colony-level variables ‘egg number’ and ‘latency to egg
laying’); for response variables measured at the level of individual workers (ovary activation, length of
terminal oocycte, and oocyte resorption) sample sizes were c. 3-fold higher, because each colony
fragment contained 3 workers.
Colony
a b c d e f g Mix of 1-3 colonies Total n
Control Experienced 8 2 - 3 1 3 6 - 23
C23 High Experienced 8 - - 2 4 2 4 - 20
C23 Low Experienced - - - - 5 1 4 - 10
C25 High Experienced 10 - - 4 4 2 3 - 23
C25 Low Experienced 8 1 1 1 4 1 5 - 21
C27 High Experienced 7 - - 3 4 2 4 - 20
C27 Low Experienced - - - - 4 2 4 - 10
Average 8 2 - 3 1 3 6 23
Control Naı¨ve - - - - - - - 16 16
C23 High Naı¨ve - - - - - - - 6 6
C23 Low Naı¨ve - - - - - - - 4 4
C25 High Naı¨ve - - - - - - - 13 13
C25 Low Naı¨ve - - - - - - - 12 12
C27 High Naı¨ve - - - - - - - 6 6
C27 Low Naı¨ve - - - - - - - 6 6
Average 9.0 9.0
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Figure 1. The least-square means (and their 95% confidence limits) for each hydrocarbon treatment,
calculated from models shown in Tables S4-S7. Significant 2-tailed differences with the appropriate
hexane control in planned contrasts are indicated using asterisks (*** : <0.001, **: <0.01, *: <0.05, NS:
p >0.05). Results whose significance level changed following Benjamini-Hochberg false discovery rate
correction are indicated with downward arrows pointing to the new significance level. The results of
corresponding fixed effect GLMs and Bayesian GLMMs were largely concordant and are presented in
supplementary Tables S4-S7.
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Secondly, Amsalem et al. searched for a significant difference between all possible pairwise com-
binations of the 7 CHC treatment groups for multiple different metrics of worker reproduction, which
results in a very large number of post-hoc tests. Because the authors corrected for multiple testing, the
excessive number of tests greatly reduced statistical power. To address this problem, we used planned
contrasts to compare each of the 6 CHC treatments to their respective control (i.e. 12 tests per ovary
metric, because of the experienced/naı¨ve treatment). Comparisons between a CHC and the control group
are most informative for testing whether that CHC induces worker sterility – it is less interesting to test,
for example, whether the low dose of C23 had a different effect to the high dose of C27.
Thirdly, almost all of Amsalem et al.’s analyses do not statistically account for the non-independence
introduced by the use of workers derived from the same colonies (or colony fragments, for the individual-
level response variables), meaning that their analyses incur pseudoreplication. One exception appears in
Table S7 of [14], in which the authors fit ANOVAs with CHC treatment, colony, and their interaction as
fixed effects. Because of the imbalanced experimental design, the authors chose to discard all the data
from colonies a-d (i.e. 46% of the dataset; Table 1) in order to fit the treatment × colony interaction. If
one instead uses all the data (which necessitates omitting the interaction term), one recovers the significant
CHC treatment effects on worker egg laying, latency to egg-laying and worker ovary activation that we
report below.
Fourthly, as mentioned above, worker body size differed substantially across pheromone treatments
(Table S1a-b), likely because of non-random treatment allocation, which is problematic because every
metric of worker reproduction correlated with body size (Figure S1). We therefore decided to statistically
correct for this confounding difference in body size by including it as a covariate in our analyses. Our
models thus estimate the effect of treatment on the body-size corrected response variables.
Amsalem et al. reported on four response variables pertinent to the hypothesis that queen hydrocarbons
affect worker reproduction: number of eggs laid (over 10 days according to the paper, or 11 days according
to the raw data), days until the onset of egg laying (censored at day 11), frequency of oocyte resorption,
and mean size of the terminal oocytes. To facilitate comparison with past queen pheromone experiments,
many of which treat ovary activation as a binary variable, we also coded a fifth response variable that was
discussed in [14] but not formally analysed: the frequency of workers with fully activated ovaries. We
define this variable as the frequency of workers with ovaries in which the largest oocytes were >2mm
long (described as “‘ready to lay’ eggs” in [14]), and in which the terminal oocyte was not resorbed (as
resorption suggests that the worker would not soon lay a viable egg; [18]). This metric is also directly
comparable to the one used in [4], allowing us to directly compare the new results with one of the
past studies that Amsalem et al. concluded “could not be generalized”. As evidence that this metric is
biologically meaningful, we found that it was a good predictor of egg laying, and was a better predictor
than other possible binary measures of ovary activation deriving from the dissection data (Table S3).
RESULTS OF OUR STATISTICAL ANALYSIS
Using raw data from the original study, we addressed four shortcomings in the original statistical analysis.
We have archived Amsalem et al.’s raw data, and the R scripts for our new analyses, alongside this article.
Our reanalysis found evidence that one or more hydrocarbons significantly inhibited worker reproduc-
tion, for some but not all of the ovary metrics (Figure 1; Tables S4-S8). Additionally, our reanalysis calls
into question Amsalem et al.’s claim to demonstrate that these CHCs have no effect on reproduction “with
a power of 99% and 96% for effect size of 0.2 and 0.5, respectively” [14], e.g. via the large confidence
intervals in Figure 1.
Following feedback from reviewers, we analysed each dataset with multiple different modelling
approaches, in order to verify that our results were robust to the choice of model used. For example,
we investigated the egg count data in Figure 1A with Poisson generalised linear models (GLM; colony
was modelled as a fixed effect), Poisson generalised linear mixed models (GLMM; colony modelled as a
random effect), and a Bayesian Poisson generalised mixed model (see Tables S4-S8 and attached R script
for full details). In every case, the qualitative conclusions were highly concordant, suggesting that our
findings are robust. For brevity, Figure 1 shows the results of our preferred analyses only (frequentist
GLMMs and a mixed effects survival analysis) and omits the one response variable (oocyte resorption)
for which there was no qualitative difference between our results and those in [14] (i.e. all three CHCs
elevated resorption).
5/9
PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2003v1 | CC-BY 4.0 Open Access | rec: 26 Apr 2016, publ: 26 Apr 2016
Amount and timing of worker egg laying
Egg number and the latency to egg laying are arguably the most direct measures of worker reproduction.
Amsalem et al. reported no effect of hydrocarbons on either variable using ANOVA and post-hoc testing.
Our reanalysis suggested that the high dose of C25 caused worker groups to lay half as many eggs, and to
take 55% longer to begin egg laying, relative to the control, in experienced workers (Poisson GLMM and
mixed effects survival analysis – results agreed with GLM and Bayesian GLMM models; Figure 1A-B;
Tables S4-S5). In addition, the C27-high treatment delayed the onset of egg laying in experienced workers
(Figure 1B). All of these results remained significant after controlling the false discovery rate [17].
Frequency of workers with fully activated ovaries
Among naı¨ve workers, all three of the high-dose hydrocarbon treatments significantly reduced the
proportion of workers with activated ovaries (binomial GLMM plus alternative analyses, including one in
which ovary development was coded as an ordinal variable, thereby simultaneously taking into account all
ovary development categories; Figure 1C; Table S6). The effect size of hydrocarbons on the frequency of
workers with active ovaries was of similar magnitude to that observed in previous comparable experiments
in bumblebees, wasps and ants (but not honeybees) using analogous response variables (Table S2). All of
these results remained significant after controlling the false discovery rate [17].
We speculate that the ‘experienced’ workers in [14] responded to the queen hydrocarbons with a
reduction in egg laying, while the ‘naı¨ve’ workers responded with a reduction in ovary activation only
towards the end of the experiment, because of confounding differences in the age of these workers. The
naı¨ve workers all had undeveloped ovaries at the start of the experiment (since these workers were <24h
old), while the experienced workers were presumably in a variety of stages of reproductive development,
priming them to begin egg laying sooner (as was observed: Figure 1, [14]), and making the effects of
pheromones on egg number more pronounced in the ‘experienced’ treatment (since egg laying occurred
over more days in the experienced treatment than in the naı¨ve treatment).
Mean size of terminal oocytes in workers’ ovaries
Hydrocarbon treatment did not significantly affect the size of the terminal oocytes. Workers receiving the
’High’ dose of the B. terrestris queen pheromone C25 had non-significantly smaller terminal oocytes than
the control (p=0.077 in a planned contrast, i.e. uncorrected for multiple testing; Figure 1D; Table S7).
Frequency of oocyte resorption
We also replicated Amsalem et al.’s finding that all three hydrocarbons induced significantly more oocyte
resorption than the hexane control (binomial GLMM; Table S8; not shown in the figure since the results
are the same as in [14]). Although this finding is consistent with the three CHCs somehow affecting
ovaries, the biological significance is harder to interpret, as oocyte resorption in B. impatiens was weakly
positively related to egg-laying (Table S3, [14]). This result contrasts with a previous study of B. terrestris,
in which oocyte resorption was far more common in workers living in queenright rather than queenless
colonies (Table S2d in [4]), suggesting that queenless workers begin to reproduce because they cease
resorbing their oocytes.
Effect of body size on measures of worker reproduction
In addition to the large effect of colony identity seen in most of the analyses (Tables S3-S6), worker body
size was confirmed to have a significant effect on worker egg-laying and ovary development in nearly all
analyses (Tables S4-S8). Specifically, cages with larger workers produced more eggs (p=0.001) and laid
earlier (p=0.0003), and larger workers had bigger oocytes (p < 0.0001) and were more likely to display
oocyte resorption (p=0.03).
These results underscore the importance of controlling for body size, either experimentally or statis-
tically, when studying reproduction in size polymorphic insects such as bumblebees. This was done in
one of our previous bumblebee studies ([10]), but not the other ([4]); we therefore re-analysed the data
from [4] after including body size as a covariate, in order to verify its conclusions. The treatment effect of
C25 on oocyte resorption remained significant, and we found that larger workers were less likely to have
resorbed oocytes (Table S9).
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CONCLUSION
To conclude, Amsalem et al.’s claim that three fertility-associated hydrocarbons do not reduce worker
reproduction in B. impatiens is not well supported. The experiment has an unbalanced and comparatively
low sample size, which is especially problematic because the study’s conclusion depends upon its failure to
reject the null hypothesis. We also highlighted a number of methodological problems, such as confounding
effects introduced by the non-random assignment of individuals to experienced/naı¨ve treatment, and the
CHC treatments.
Our reanalysis found evidence that C25, the same queen pheromone identified in B. terrestris [4,10],
substantially reduced the number of eggs laid, delayed the onset of laying, and reduced the frequency
of workers with activated ovaries in B. impatiens. We also found limited evidence that the other two
fertility-associated hydrocarbons (C23 and C27) might perform a similar function. The results are patchy,
but it is nevertheless clear that the new study does not demonstrate that queen-like CHCs are not involved
in regulating reproduction in B. impatiens workers, as claimed.
REFERENCES
1. Monnin, T., Malosse, C. & Peeters, C. 1997 Solid-phase microextraction and cuticular hydrocarbon
differences related to reproductive activity in queenless ant Dinoponera quadriceps. J Chem Ecol
24, 473–490.
2. Liebig, J., Peeters, C., Oldham, N. J., Markstadter, C. & Ho¨lldobler, B. 2000 Are variations in
cuticular hydrocarbons of queens and workers a reliable signal of fertility in the ant Harpegnathos
saltator? PNAS 97, 4124–4131.
3. Dietemann, V., Peeters, C., Liebig, J., Thivet, V. & Ho¨lldobler, B. 2003 Cuticular hydrocarbons
mediate discrimination of reproductives and nonreproductives in the ant Myrmecia gulosa. PNAS
100, 10341–10346.
4. Van Oystaeyen, A. et al. 2014 Conserved class of queen pheromones stops social insect workers
from reproducing. Science 343, 287–290.
5. d’Ettorre, P. 2004 Does she smell like a queen? Chemoreception of a cuticular hydrocarbon signal
in the ant Pachycondyla inversa. J. Exp. Biol. 207, 1085–1091.
6. Holman, L., Dreier, S. & d’Ettorre, P. 2010 Selfish strategies and honest signalling: reproductive
conflicts in ant queen associations. Proc. Roy. Soc. B 277, 2007–2015.
7. Holman, L., Jørgensen, C. G., Nielsen, J. & d’Ettorre, P. 2010 Identification of an ant queen
pheromone regulating worker sterility. Proc. Roy. Soc. B 277, 3793–3800.
8. Holman, L., Lanfear, R. & d’Ettorre, P. 2013 The evolution of queen pheromones in the ant genus
Lasius. J. Evol. Biol. 17, 1549–1558.
9. Holman, L., Hanley, B. & Millar, J. G. 2016 Highly specific responses to queen pheromone in three
Lasius ant species. Behav. Ecol. Sociobiol. 70, 387–392.
10. Holman, L. 2014 Bumblebee size polymorphism and worker response to queen pheromone. PeerJ
2, e604.
11. de Narbonne, M. M., van Zweden, J. S., Bello, J. E., Wenseleers, T., Millar, J. G. & d’Ettorre, P.
2016 Biological activity of the enantiomers of 3-methylhentriacontane, a queen pheromone of the
ant Lasius niger. J. Exp. Biol.
12. Smith, A. A., Millar, J. G. & Suarez, A. V. 2015 A social insect fertility signal is dependent on
chemical context. Biol. Lett. 11, 20140947.
13. Smith, A. A., Ho¨lldobler, B. & Liebig, J. 2009 Cuticular hydrocarbons reliably identify cheaters
and allow enforcement of altruism in a social insect. Curr. Biol. 19, 78–81.
7/9
PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2003v1 | CC-BY 4.0 Open Access | rec: 26 Apr 2016, publ: 26 Apr 2016
14. Amsalem, E., Orlova, M. & Grozinger, C. M. 2015 A conserved class of queen pheromones?
Re-evaluating the evidence in bumblebees (Bombus impatiens). Proc. Roy. Soc. B 282, 20151800.
15. Lopez-Vaamonde, C., Koning, J. W., Brown, R. M., Jordan, W. C. & Bourke, A. F. G. 2004 Social
parasitism by male-producing reproductive workers in a eusocial insect. Nature 430, 557–560.
16. Lynch, M. & Walsh, B. 1998 Genetics and analysis of quantitative traits. Sunderland, MA: Sinauer.
17. Benjamini, Y. & Hochberg, Y. 1995 Controlling the false discovery rate: a practical and powerful
approach to multiple testing. J. Roy. Statist. Soc. B 57, 289–300.
18. Duchateau, M. J. & Velthuis, H. 1989 Ovarian development and egg laying in workers of Bombus
terrestris. Entomol. Exper. Applic. 51, 199–213.
8/9
PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2003v1 | CC-BY 4.0 Open Access | rec: 26 Apr 2016, publ: 26 Apr 2016
Experienced Naive
0
10
20
30
40
3.2 3.6 4.0 3.2 3.6 4.0
To
ta
l n
u
m
be
r o
f e
gg
s 
la
id
3
6
9
3.2 3.6 4.0 3.2 3.6 4.0T
im
e 
to
 o
ns
et
 o
f e
gg
 la
yin
g 
(da
ys
)
0
1
3.55 3.60 3.65 3.55 3.60 3.65
R
ea
dy
−t
o−
la
y 
eg
gs
 p
re
se
nt
0
1
2
3
3.0 3.5 4.0 4.5 3.0 3.5 4.0 4.5A
ve
ra
ge
 te
rm
in
al
 o
oc
yt
e 
siz
e
 (m
m)
0
1
3.55 3.60 3.65 3.70 3.55 3.60 3.65 3.70
Worker body size (distance between eyes in mm)
O
oc
yt
e 
re
so
rp
tio
n 
pr
es
en
t
Figure S1. The correlations between body size and the five response variables considered in this paper.
The top two panels show group-level measures of worker reproduction, and thus use the average body
size of the workers in each group.
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